In this article, the structural refinement, morphology and optical properties of barium strontium molybdate [(Ba 1Àx Sr x )MoO 4 with x = 0, 0.25, 0.50, 0.75 and 1] crystals, synthesized by the co-precipitation (drop-by-drop) method, are reported. The crystals obtained were structurally characterized by X-ray diffraction (XRD), Rietveld refinement, and Fourier transform-Raman (FTRaman) and Fourier transform-infrared (FT-IR) spectroscopies. The shapes of the crystals were observed by means of field-emission scanning electron microscopy (FE-SEM). The optical properties were investigated using ultraviolet-visible (UV-Vis) absorption spectroscopy and photoluminescence (PL) measurements. XRD patterns, Rietveld refinement, and FT-Raman and FT-IR spectra showed that all of the crystals are monophasic with a scheelitetype tetragonal structure. The refined lattice parameters and atomic positions were employed to model the [BaO 8 ], [SrO 8 ] and [MoO 4 ] clusters in the tetragonal lattices. The FE-SEM images indicate that increased x content produces a decrease in the crystal size and modifications in the crystal shape. UV-Vis spectra indicated a decrease in the optical band gap with an increase in x in the (Ba 1Àx Sr x )MoO 4 crystals. Finally, a decrease in the intensity of PL emission is apparent with an increase in x up to 0.75 in the (Ba 1Àx Sr x )MoO 4 crystal lattice when excited by a wavelength of 350 nm, probably associated with the degree of structural order-disorder.
Introduction
In recent years, there has been a growing interest in the optical properties of scheelite-type molybdates with potential for use in applications such as sensors, modulators, monitors, waveguides, X-ray detectors and light-emitting diodes (Lei & Yan, 2008; Phuruangrat et al., 2009; Ryu et al., 2008; Spassky et al., 2004; Yakovyna et al., 2008) . Among the inorganic materials, molybdates with scheelite-type tetragonal structures have been highlighted owing to their high photoluminescence (PL) emission at room temperature and good chemical stability (Afanasiev, 2007; Cui et al., 2007; Ma et al., 2010 ) which is coordinated to eight oxygen atoms and the Mo atoms are coordinated to four oxygen atoms which belong to the tetragonal crystal system with space group I4 1 /a and symmetry C 6 4h (Panchal et al., 2006; Guo et al., 2009; Sczancoski et al., 2009; Yang et al., 2009) .
In particular, barium molybdate (BaMoO 4 ) and strontium molybdate (SrMoO 4 ) have been extensively researched owing to their PL emission in the visible spectral region (Bi et al., 2008; Lei et al., 2010; Liu et al., 2007; Yin et al., 2010) . In addition, several methods have been explored to synthesize these molybdates, including a solid-state reaction (Al-Hajji et al., 2003; Pupp et al., 1969) , a spontaneous crystallization (Spassky et al., 2004) , a complex polymerization (Marques et al., 2005 , an electrochemical method (Bi et al., 2003; Sun et al., 2011a; Xia & Fuenzalida, 2003) , a microwave-hydrothermal system Sczancoski et al., 2008 Sczancoski et al., , 2010 and a microwave-solvothermal system . Wu et al. (2007) obtained BaMoO 4 microcrystals via an aqueous solution mineralization process. They found that the pH and temperature of the reaction had important influences on the formation and control of the BaMoO 4 microcrystal shape. Shuttle-like microcrystals were obtained in an alkaline aqueous solution (pH = 9-14) ; when the pH value was adjusted to between 6 and 7, cocoon-like microcrystals were obtained. Cavalcante et al. (2008) synthesized octahedron-like BaMoO 4 microcrystals with intense green PL emission by a microwave-hydrothermal method at 413 K for 1 h. In another research report, Zhang et al. (2006) synthesized BaMoO 4 nanostructured by a solvothermal method which resulted in different shapes (spindle arrays, bundle-like and brush-like). These nanostructure shapes were easily obtained by changing the temperature and the ratio of water to surfactant. synthesized SrMoO 4 nanocrystals with an average particle size of 14-40 nm using a microwave-irradiation method with ethylene glycol solvent. According to the literature (Marques et al., 2010) , the particle size distribution and crystallographic orientation (in the case of mesocrystals and nanocrystals with a narrow form) strongly influence the PL properties. Parameter adjustments, such as stirring time, reaction temperature, reaction time, surfactant and solvent, can modify the shape and average size of the crystals, which affect their physical and chemical properties .
Some literature reports show the influence of the replacement of the lattice modifiers by other alkaline earth metal ions on the structural properties of scheelite crystals (Porto et al., 2005; Pô rto et al., 2008; Rangappa et al., 2008; Sun et al., 2011b; Zhang et al., 2008) . Regarding the barium strontium molybdate [(Ba 1Àx Sr x )MoO 4 ] system, Yoshimura et al. (1997) obtained a (Ba 1Àx Sr x )MoO 4 thin film by the electrochemical method with a green PL emission at a cryogenic temperature. Sahu et al. (2012) synthesized (Ba 1Àx Sr x )MoO 4 solid solutions by a complex polymerization method and investigated their thermo-physical properties.
In this work, for the first time, the synthesis of (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75 and 1) by the co-precipitation (drop-by-drop) method is reported. Moreover, we seek to gain an understanding of how controlled variations of the chemical composition of these scheelite materials may influence their structural, morphological and optical properties.
Experimental details
2.1. Synthesis of (Ba 1Àx Sr x )MoO 4 crystals (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75 and 1) were synthesized by the co-precipitation (drop-by-drop) method at 343 K. The typical experimental procedure is described as follows: 0.001 mol of sodium molybdate dihydrate (Na 2 MoO 4 Á 2H 2 O) (99.5% purity, Sigma-Aldrich), 0.001 mol of barium nitrate [Ba(NO 3 ) 2 ] (99% purity, Sigma-Aldrich) and 0.001 mol of strontium nitrate [Sr(NO 3 ) 2 ] (99.5% purity, Sigma-Aldrich) salts were employed as the starting precursors. In this co-precipitation method, 50 ml of an aqueous solution of Ba 2+ and Sr 2+ ions was slowly dripped, at a flow rate of 10 ml min
À1
, into 50 ml of an aqueous solution containing MoO 4 2À ions (at 343 K) held in a 250 ml Erlenmeyer flask. The drip was performed with the aid of a Masterflex 77240-10 L/S compact variable-speed pump. For all systems, the temperature was kept at 343 K for 30 min, pH = 7, and the agitation rate in an IKA C-MAG HS-7 magnetic stirrer was 700 r min 
After precipitation, the resulting suspensions were washed with deionized water several times. Finally, the white precipitates were collected and dried in a conventional furnace at 323 K for 8 h.
Other methods of addition of the ion precursors for the coprecipitation synthesis of (Ba 1Àx Sr x )MoO 4 crystals were realized. However, we have observed the formation of an additional phase. Tests were also made with other flow rates of drip for the co-precipitation methods, and again the formation of an additional phase was observed. Thus the method of coprecipitation (drop-by-drop) with a flow of 10 ml min À1 was found to be extremely effective in the synthesis of monophasic (Ba 1Àx Sr x )MoO 4 solid solutions.
Characterizations
(Ba 1Àx Sr x )MoO 4 crystals, with x = 0, 0.25, 0.50, 0.75 and 1, were characterized by X-ray diffraction (XRD) using a DMax/ 2500 PC diffractometer (Rigaku, Japan) with Cu K radiation ( = 1.5406 Å ), at room temperature, in the 2 range from 20 to 60 with a step size of 0.02 min
À1
. Rietveld refinements of the measured XRD patterns in the 2 range from 10 to 110 with a scanning rate of 0.02 min À1 were carried out using the general structure analysis (GSAS) program (Larson & Von Dreele, 2004) . Fourier transform (FT)-Raman spectroscopy was carried out on a Bruker-RFS 100 (Germany) spectrometer. Raman spectra were obtained using the 1064 nm line of an Nd:YAG laser; its maximum output power was maintained at 100 mW in the range from 50 to 1100 cm À1 . FT-IR spectra were recorded in the range from 200 to 1000 cm À1 using KBr pellets as a reference in a Bomem-Michelson (model MB-102) spectrophotometer in the transmittance mode. The shapes and sizes of these (Ba 1Àx Sr x )MoO 4 crystals were observed with a field-emission scanning electron microscope model Inspect F50 (FEI Company, Hillsboro, USA) operated at 15 kV. UVVis spectra were taken using a Cary 5G spectrophotometer (Varian, USA) in diffuse reflection mode. PL measurements were made with a Monospec 27 monochromator (Thermal Jarrel Ash, USA) coupled to an R446 photomultiplier (Hamamatsu Photonics, Japan). A krypton ion laser (Coherent Innova 90K, USA) ( = 350 nm) was used as the excitation source; its maximum output power was maintained at 500 mW. After passing through an optical chopper, the maximum laser power was reduced and maintained at 40 mW research papers on the samples. All experimental measurements were performed at room temperature.
3. Results and discussion 3.1. XRD analyses The XRD patterns illustrated in Fig. 1 revealed that all of the diffraction peaks for the (Ba 1Àx Sr x )MoO 4 crystals are monophasic and can be indexed to the scheelite-type tetragonal structure with a space group of I4 1 /a, which is in agreement with the respective Inorganic Crystal Structure Database (ICSD) entries No. 50821 (Nassif et al., 1999) for the BaMoO 4 phase and No. 173120 (Bernuy-Lopez et al., 1989) for the SrMoO 4 phase. The sharp and well defined diffraction peaks indicate a high degree of crystallinity, i.e. all precipitated crystals are structurally ordered at long range, proving the effectiveness of the co-precipitation method employed in this work. Fig. 1 shows a displacement of all of the diffraction peaks to high values of 2 angles. According to Bragg's law ð ¼ 2d sin Þ, this displacement of 2 angles occurs when there is a reduction in the unit-cell lattice parameters. 
Rietveld refinements analyses
The Rietveld method is based on the construction of diffraction patterns calculated according to a structural model (Rietveld, 1969) . The patterns calculated with a fit of the adjustment in relation to observed pattern data provide the structural parameters of the material and the diffraction profile. In this work, the Rietveld method was applied to adjust cell and other parameters, such as lattice parameters, atomic positions and occupancy.
In these analyses, the refined parameters were the scale factor, background, shift lattice constants, profile half-width parameters (u, v, w) , isotropic displacement parameters, lattice parameters, strain anisotropy factor, preferred orientation, occupancy and atomic functional positions. The background was corrected using a Chebyschev polynomial of the first kind. A peak profile function was modeled using a convolution of the Thompson-Cox-Hastings pseudo-Voigt (pV-TCH) (Thompson et al., 1987) function with the asymmetry function described by Finger et al. (1994) , which accounts for the asymmetry owing to axial divergence. To account for the anisotropy in the half-width of the reflections, the model by Stephens (1999) was used.
Figs. 2(a)-2(e) show the Rietveld refinement plots for the observed patterns versus the calculated patterns of (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75 and 1).
The measured diffraction patterns are well adjusted to the ICSD entries No. 50821 (Nassif et al., 1999) and No. 173120 (Bernuy-Lopez et al., 1989) . However, the region of lower angles where the most intense peaks are located reveals a major difference. The increase in the difference in this region can be related to characteristics of the patterns, with narrow peaks and high intensity. Moreover, (Ba 1Àx Sr x )MoO 4 crystals have a low density which can influence the collection of data points. In general, however, the differences between the XRD pattern profiles observed experimentally and the theoretically (Panchal et al., 2006; Bi et al., 2009; Cavalcante et al., 2013) . However, some variations in the atomic positions related to oxygen atoms were observed, while the barium, strontium and molybdenum atoms have fixed atomic positions (Table 2) These unit cells were modeled with Diamond (Brandenburg & Putz, 2011) , a crystal and molecular structure visualization program, using lattice parameters and atom positions obtained from the Rietveld refinement data from Tables 1 and 2. All (Ba 1Àx Sr x )MoO 4 crystal compositions belong to a scheelitetype tetragonal structure with space group I4 1 /a, point-group symmetry C 6 4h and four molecular formula units per unit cell (Z = 4) (Panchal et al., 2006; Cavalcante et al., 2013 
Fourier transform-Raman and Fourier transforminfrared spectroscopy analyses
In this work, Raman spectroscopy investigations reveal the effect of the replacement of Ba 2+ by Sr 2+ ions in the (Ba 1Àx Sr x )MoO 4 crystal lattice as well as Raman-active vibration modes at short range. According to group theory calculation, molybdates with a scheelite-type tetragonal structure contain 26 different vibration modes (Raman and infrared) (Basiev et al., 2000; Ling et al., 2006) which are represented as follows:
where A g , B g and E g are Raman-active vibrational modes. The A and B modes are non-degenerate, while the E modes are doubly degenerate. The subscripts g and u indicate the pairs under inversion in centrosymmetric (Ba 1Àx Sr x )MoO 4 crystals. A g , B g and E g are Raman modes that arise from the same motion of clusters in the (Ba 1Àx Sr x )MoO 4 crystals. Therefore, 13 Raman-active vibrational modes of the (Ba 1Àx Sr x )MoO 4 crystals are anticipated (Ling et al., 2006) :
According to Basiev et al. (2000) , vibrational modes observed in Raman spectra for molybdates are classified into two groups (external and internal modes (Jia et al., 2010) . In the infrared spectra, we can expect 13 infrared vibrational modes (5A u + 3B u + 5E u ). However, in vibrational infrared spectra, 1A u and 1E u are acoustic infrared modes, and 3B u are forbidden infrared modes; therefore, these modes are infrared inactive. Thus, only eight infrared-active vibration modes remain, as illustrated by the following equation (Porto & Scott, 1967) : Figure 5 can be explained by Davydov splitting; this effect arises because of strong [MoO 4 ] molecular group coupling inside a primitive crystal cell.
The displacement of the Raman-active modes as a function of increasing concentration of Sr 2+ ions can be checked in Table 3 .
In this table it is seen that Raman frequencies collected in this work are well correlated with previously published results (Marques et al., 2006; Sczancoski et al., 2008) . These results confirm that all of the (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75 and 1) synthesized at 343 K by the co-precipitation method have a scheelite-type tetragonal structure at short range. Fig. 6 shows the FT-IR spectra for the (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75 and 1). Vibrational modes of the FT-IR spectra are listed in Table 4 .
As discussed in the text above, there are only eight infraredactive vibrational modes for the molybdate crystals with a scheelite-type tetragonal structure (Ling et al., 2006) . This work has identified six vibrational modes for (Ba 1Àx Sr x )MoO 4 crystals (five internal modes and one external mode). Infrared-active internal modes are related to anti-symmetric stretching vibrations in tetrahedral [MoO 4 ] clusters assigned as 3 [(1E u ) and (1A u )], which correspond to strong absorption bands, anti-symmetric bending vibrations of bonds in tetrahedral [MoO 4 ] clusters assigned as 4 [1(E u +A u )] and the symmetric bending vibration 2 (1A u ). R x, y (1E u ) external modes correspond to the torsional motion of tetrahedral [MoO 4 ] clusters in the lattice. The relative positions for infrared-active modes are shown in Table 4 and are compared with infrared-active modes for crystals prepared by other methods as reported in the literature .
According to the data in Fig. 7 (a) reveals that the BaMoO 4 crystals obtained by the co-precipitation method have different sizes and an octahedral shape. This morphological characteristic is particular for scheelite-type BaMoO 4 crystals, as has been commonly reported in the recent literature (Mi et al., 2009; Wang et al., 2011; Thirumalai et al., 2012) . Fig. 7(a) clearly identifies octahedron-like BaMoO 4 microcrystals and some nano-octahedrons. The formation of the first BaMoO 4 nuclei occurs when the first drop containing a Ba 2+ ion comes into contact with the solution containing MoO 4 2À ions, with subsequent aggregation of several nuclei to form the first small BaMoO 4 nanocrystals. After some time, these original nanocrystals grow to form octahedron-like BaMoO 4 microcrystals. The last drops of solution containing Ba 2+ ions that come into contact with the solution containing MoO 4 2À ions tend to form smaller BaMoO 4 crystals (Kadam et al., 2011; Saleemi et al., 2012) . Therefore, in this case, new nucleation events (secondary nucleation) can occur and are characterized by the appearance of small crystals that have not yet grown because they have been formed at the end of the precipitation reaction and lack Comparison of results for the experimental infrared-active modes of (Ba 1Àx Sr x )MoO 4 crystals obtained in this work with those reported in the literature. further material for growth as employed by the drop-by-drop methodology (see Fig. 7a ). Fig. 7(b Fig. 7e ). Clearly, unlike BaMoO 4 microcrystals, SrMoO 4 tends to form smaller crystals. The SrMoO 4 crystal growth is dominated by the self-assembly process between these nanocrystals because of the high surface energies .
FE-SEM image analyses

UV-Vis absorption spectroscopy and optical band gap analyses
The optical band gap energy (E gap ) was calculated by the method proposed by Kubelka & Munk-Aussig (1931) . This methodology is based on the transformation of diffuse reflectance measurements to estimate E gap values with good accuracy within the limits of assumptions when modeled in three dimensions (Myrick et al., 2011) . It is particularly useful in limited cases of an infinitely thick sample layer. The Kubelka-Munk equation for any wavelength is described as
where F(R 1 ) is the Kubelka-Munk function or absolute reflectance of the sample. In our case, magnesium oxide (MgO) was the standard sample in reflectance measurements. R 1 = R sample /R MgO (R 1 is the reflectance when the sample is infinitely thick), k is the molar absorption coefficient and s is the scattering coefficient. In a parabolic band structure, the optical band gap and absorption coefficient of semiconductor oxides (Smith, 1978) can be calculated by the following equation:
where is the linear absorption coefficient of the material, h is the photon energy, C 1 is a proportionality constant, E gap is the optical band gap and n is a constant associated with the different kinds of electronic transitions (n = 0.5 for a direct allowed, n = 2 for an indirect allowed, n = 1.5 for a direct forbidden and n = 3 for an indirect forbidden). According to Sczancoski et al. (2010) , BaMoO 4 crystals exhibit optical absorption spectra governed by direct allowed electronic transitions between the valence band (VB) and conduction band (CB) and exhibited a direct optical band gap of E gap = 4.13 eV. According to Vali (2011) , SrMoO 4 crystals have a direct optical band gap of E gap = 3.58 eV. This characteristic is observed after the electronic absorption process when electrons located in maximum energy states in the VB go to minimum energy states in the CB at the same point in the Brillouin zone Vali, 2011) . Therefore, it is proposed in this work that the tetragonal (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75 and 1) have E gap experimental results very close to direct allowed transitions. Based on this information, the E gap values of the (Ba 1Àx Sr x )MoO 4 crystals were calculated using n = 0.5 in equation (9). Finally, using the remission function described in equation (8) and with the term k = 2 and C 2 as a proportionality constant, we obtain the modified Kubelka-Munk equation:
Therefore, finding the F(R 1 ) value from equation (10) Figs. 8(a)-8(e) reveal that the optical band gap for all of the (Ba 1Àx Sr x )MoO 4 crystals is characterized by well defined direct electronic transitions which are typical of crystalline semiconductor materials with a scheelite-type tetragonal structure (Lacomba-Perales et al., 2008 , 2011 . The exponential optical absorption edge and the optical band gap energy are controlled by the degree of structural disorder in the lattice. The decrease in the E gap values can be attributed to the increase in local lattice distortions and other localized electronic levels within the forbidden band gap . Moreover, it is believed that these differences in E gap (4.25-4.11 eV) The PL spectra cover a broad band in the range 400-700 nm of the visible electromagnetic spectra, and the profile of the emission band is typical of a multiphonon and multilevel process, i.e. a system in which relaxation occurs by several paths involving the participation of numerous states within the band gap of the material (Longo, Orhan et al., 2007) . These states are related to the numerous kinds of defects directly associated with the degree of structural order-disorder. Disorder in materials can be manifested in many ways, e.g. vibrational, spin and orientation disorder (all referred to a periodic lattice) and topological disorder. Topological disorder is the type of disorder associated with glassy and amorphous solid structures in which the structure cannot be defined in terms of a periodic lattice. PL is a powerful probe of certain aspects of short-range (2-5 Å ) and medium-range (5-20 Å ) order for clusters where the degree of local order is such that structurally different sites can be distinguished by modifications in electronic transitions, which are linked to a specific structural arrangement.
As can be seen in Fig. 9 Several hypotheses have been reported in the literature (Liu et al., 2008; Ryu et al., 2008; Phuruangrat et al., 2009; Ma et al., 2010; Mao et al., 2010; Oh et al., 2010; Sun et al., 2011b; Liu, Xia et al., 2012) to explain the possible mechanisms that promote the PL properties and the generation of specific emission colors of BaMoO 4 and SrMoO 4 crystals. The possible explanations for the improvement of PL properties include control of the morphology/shape, a narrow particle size distribution, the Jahn- (d = disordered) . These excited states favor the population of intermediary levels within the band gap of this material and are linked to the universal greenish scheelite luminescence. The second effect is a consequence of the surface defects on the interfaces of complex clusters. The third effect is due to electronic transitions from one cluster to another, which decrease the band gap (E gap = 4.11 eV), allowing a blue PL emission. The interplay between these clusters and defects generates a specific PL emission color.
Based on our findings, we propose an expanded model derived from the wide-band model, to explain the PL behavior. Before arrival of the photon, the short-range [BaO 8 ] structural defects generate localized states within that band gap and a nonhomogeneous charged distribution in the cell. After arrival of the photon, the lattice configuration changes (like a 'breath') and distorted excited clusters are formed, allowing electrons to become trapped. Lastly, the photon decays by radiative or non-radiative relaxations. However, this model represents a paradigm shift toward a better understanding of PL phenomena in scheelitebased materials in general. Although the models presented in this work are limited, they reveal some of the effects of structural order-disorder before and after arrival of the photon that could contribute significantly to PL emissions.
However, the actual factors contributing to the PL behavior of (Ba 1Àx Sr x )MoO 4 crystals (x = 0.25, 0.50 and 0.75) are still not completely clear. Therefore, a detailed study of the electronic structure of (Ba 1Àx Sr x )MoO 4 (x = 0.25, 0.50 and 0.75) crystals with ab initio calculations to verify the influence of orbitals of Ba and Sr atoms on PL properties of these crystals will be the subject of further research.
Conclusions
In summary, we have successfully obtained (Ba 1Àx Sr x )MoO 4 crystals (x = 0, 0.25, 0.50, 0.75, and 1) at 343 K by the coprecipitation (drop-by-drop) method. XRD patterns and FTRaman spectra indicate that all (Ba 1Àx Sr x )MoO 4 crystals are ordered at long and short range with a scheelite-type tetragonal structure without deleterious phases. Rietveld refinement data show that all crystals obtained which form a solid solution were perfect and occurred with a decrease in lattice parameters and unit-cell volume following the increase of x in the lattice. Moreover, these data were employed to model 
